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We propose thermal induced generation of monochromatic microwave radiation in magnon-polariton. Mech-
anism of thermal to microwave energy transformation is based on intrinsic energy loss compensation of coupled
magnon and microwave cavity oscillators by thermal induced "negative damping". A singularity at an excep-
tional point is achieved when the damping of the system is fully compensated at the critical value of "negative
damping". At the exceptional point, the input energy is equally distributed between the magnon and photon
subsystems of the magnon-polariton. The efficiency of transformation of thermal energy into useful microwave
radiation is estimated to be as large as 17 percent due to magnon-photon coupling mediated direct conversation
of spin current into microwave photons.
Magnon-polaritons are hybrid bosonic quasiparticles con-
sisting of strongly interacting magnons and photons in mi-
crowave cavities [1, 2]. Achieving the strong coupling regime
triggered great interest in the field of cavity-spintronics [3–5].
Manipulation of spin current via magnon-photon coupling [6],
indirect coupling between spin-like objects mediated by cav-
ity [7], and thermal control of the magnon-photon coupling [8]
are few of the effects. Despite the extensive study of magnon-
polaritons, there is so far lack of considerable attention to an
inherent dissipative nature of this systems. Dissipating of the
unbound magnon-polariton states leads to complex energies,
which makes the Hamiltonian of the system non-Hermitian
[9, 10]. In contrast to Hermitian systems, where off-diagonal
coupling causes level energies to only repel each other and
crossing is possible only for a vanishing interaction, a striking
property of non-Hermitian systems is that by tuning some pa-
rameters of the system, a singularity point in eigenfunctions
and eigenvalues can be revealed [11]. The singularity point is
called exceptional point (EP), where both real and imaginary
energies can coalesce even for non vanishing interaction [12].
Recently we proposed [13] a systemwhere level attraction and
EPs can be observed by introducing an additional phase con-
trolled field driving the magnetization. The predicted level
attraction have been studied experimentally [14, 15]. Simi-
lar feature due to the cavity Lenz effect has been reported re-
cently [16]. An experimental observation of the EP is reported
in [5], where an additional photon pump into the system pro-
vides gain to the coupled magnon-photon system.
Here we propose a system, where microwave generation at
the EP can be realized. Here, the energy loss is compensated
via pumping energy into the magnon subsystem by means of
"negative damping" or torque. Varying the "negative damp-
ing", level energy coalescence and EP occurs when the gain
exactly compensates the losses of the system. We show that
at the EP, the input energy is dissipated within the system it-
self resulting in dramatic microwave emission from the cav-
ity. Moreover, in the presence of "negative damping", EP and
microwave generation can be observed even in the absence
of input field into the cavity. The "negative damping" can
be applied via Spin Seebeck effect (SSE) induced spin trans-
fer torque (STT) [17–20] or spin Hall effect (SHE)-STT [21–
23]. Thus, the microwave emission at the EP in our proposal
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Figure 1. Schematic picture of the system with SSE-STT.
is a promising candidate for efficient transformation of elec-
tric/thermal input energy into microwave photon.
In Fig. 1 we schematically illustrate the system, where the
magnetic material with temperature gradient (for SSE-STT)
is placed in a microwave cavity. We perform our calcula-
tions using semiclassical and scattering (see Supplementary
Materials) models, where the former provides intuitive and
qualitative understanding confirmed by the latter model. Our
simple semiclassical picture is based on the combination of an
effective LCR circuit for the photon in the cavity and Landau-
Lifshitz-Gilbert (LLG) equations for spin [4, 13, 24]. Two
classical coupling mechanisms are Faraday induction of FMR
[25] and the magnetic field created by Ampere’s law [4].
We consider a ferromagnetic insulator (FI) with the magne-
tization pointing in zˆ direction due to crystal anisotropy, dipo-
lar and external magnetic fields. The effective LCR circuit for
the cavity driven by a rf voltage is [4, 13, 24]
Lj˙+Rj+ (1/C)
∫
jdt = VF , (1)
where L, C, andR are induction, capacitance, and resistance,
respectively, and j = j (0, cosωt, sinωt) is the current oscil-
lating in yˆ-zˆ plane. The driving voltage VF is induced from
precessing magnetization according to Faraday induction
V Fx (t) = KcLm˙y, V
F
y (t) = −KcLm˙x, (2)
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Figure 2. (a) Real and imaginary components of mode energy levels as a function of FMR frequency, (b) transmission amplitude |S21| as a
function of ω and applied magnetic field calculated from semiclassical model Eq. (6), and (c) transmission amplitude as a function of ω at
different FMR frequencies forωs = 0. (d-f) The same as in (a-c) forωs = ωs,EP ≃ 0.0043ωM . (g-i) The same as in (a-c) for ωs ≃ −0.01ωM .
where Kc is coupling parameter. The magnetization preces-
sion in the magnetic sample is governed by the LLG equation
M˙ = −γµ0M ×H + α
Ms
M × M˙ + τSSE, (3)
where M ≃ Mszˆ + m, with Ms being the saturation mag-
netization of FI, and m = m (cosωt, sinωt, 0). γ is gyro-
magnetic ratio and µ0 is the vacuum permeability. α is the
intrinsic Gilbert damping parameter. H = H0 + h is the ef-
fective magnetic field in FI with H0 = H0zˆ being the sum of
external magnetic, anisotropy, and dipolar fields aligned with
zˆ direction. h is the induced magnetization from Ampere’s
law.
h = Kmj× xˆ, (4)
where xˆ is the wave propagation direction andKm is the cou-
pling parameter. τ STT = (γµ0/Ms) hSTTM × (M× zˆ) is the
STT induced torque [18, 26] (we neglect the effect of field-
like torque [27]). The coupled LCR and LLG equations lead
to
Ω
(
m
h
)
= 0 with
Ω =
(
ω − iαω − ωr + iωs ωM2
K2ω2
2
ω2 − 2iβωωc − ω2c
)
, (5)
where ωM = γµ0Ms and ωr ≃ γµ0H0. K ≈
√
KcKm.
The cavity frequency ωc = 1/
√
LC and the cavity damping
β = R/ (2Lωc) . ωs ≡ γµ0hSTT can be tuned by e.g., the tem-
perature gradient for SSE induced torque. By solving Eq. (5)
(detΩ = 0) at given magnetic field we obtain roots for ω. The
two positive real components of ω determine the spectrum of
the system, while imaginary parts describe damping.
We calculate the transmission amplitude using input-output
formalism [4, 13]
Ω
(
m
h
)
=
(
0
ω2h0
)
S21 = Γh/h0 = Γ
ω2 (ω − iαω − ωr + iωs)
detΩ
, (6)
where µ0h0 = 10µT [3] is the input magnetic field driving
the system, Γ is a normalization parameter [4].
Fig. 2 we show the spectrum and transmission amplitude
for three different cases. To understand the spectrum and the
transmission we analyse Eq. (6), where near the resonant point
we have
detΩ = 2ω2cβ
(
ωs − αωc − K
2ωM
8β
)
. (7)
and the spectrum calculated from detΩ = 0 can be simplified
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Figure 3. FI magnetization as a function of ω and applied magnetic field (a) without "negative damping", and (b) with "negative damping"
ωg = ωs,EP . (c) Magnetization at resonant FMR frequency in the absence and presence of "negative damping" as a function of microwave
frequency.
as
ω =
1
2
{ωr + ωc + i (αωc + βωc − ωs)± ωg} (8)
with the Rabi frequency being
ωg =
√
[(ωr − ωc) + i (αωc − βωc − ωs)]2 + K
2ωMωc
2
.
(9)
In the absence of "negative damping" (ωs = 0), from Eq. (9)
we can recover the Rabi gap expression at resonance (ωr =
ωc) in strong coupling regime (K > α, β) ωg ≈ K
√
ωMωc/2
[4]. It also follows that in this regime the imaginary parts
of ω are equal for two hybridized modes. In Fig. 2 (a-c)
we show the results for this conventional coupling system.
Fig. 2 (a) is the usual anticrossing of hybridized level en-
ergy modes (Re(ω)) with 2ωg gap between the modes and
crossing of dampings (Im(ω)) at resonant cavity frequency
ωc/2pi = 9.83 GHz [4]. Corresponding transmission ampli-
tude of the system is shown in Fig. 2 (b), where the coloured
area shows the transmission and the spectrum is presented by
dashed lines. The characteristic two peak behaviour of the
transmission is shown by solid line in Fig. 2 (c) when ferro-
magnetic resonance (FMR) frequencymatches with the cavity
mode frequency (ωr = ωc). The dashed line is the out-of-
resonant (ωr 6= ωc) transmission, which has a single peak at
ω = ωc.
Next, we analyse the possibility to encircle EP in strong
coupling regime. It follows from Eq. (8) that to have coa-
lescence of real and imaginary components of two hybridized
modes one has to require
ωg|ωr=ωc = 0. (10)
Plugging solution of Eq. (10) into Eq. (7) and tuning either the
positive coupling strength (EP for negative effective coupling
has been discussed elsewhere [13]) or the damping of cavity
[5], the second condition detΩ = 0 can be fulfilled
ωs − αωc −K2ωM/ (8β) = 0. (11)
The critical value for the "negative damping" satisfying Eqs.
(10) and (11) is ωs,EP = (α+ β)ωc when the coupling
equals to K = 2β
√
2ωc/
√
ωM . It follows from Eq. (6) that
the second condition leads to singularity and dramatic pho-
ton emission near the EP. From Eq. (8), the critical value
for reaching the emission peak corresponds to full compen-
sation of magnetization and cavity dampings, Im (ω) = 0.
For the parameters α = 3.6 × 10−4, β ≃ 1.8 × 10−3,
K = 0.0072 [4], ωM/(2pi) = γµ0Ms = 4.9 GHz, where
γ/(2pi) = 28 GHz/T, and Msµ0 = 0.175 T [3], the critical
value of the "negative damping" satisfying the conditions of
EP is ωs,EP = (α+ β)ωc ≃ 0.0043ωM . In Fig. 2 (d) we plot
the spectrumwhen both Eqs. (10) and (11) are satisfied. Both,
real (solid curve) and imaginary (dashed curve) components
of ω coalesce at the resonant frequency. Moreover, imaginary
component equals to zero at the EP. The resulting transmission
is shown in Fig. 2 (e), where the bright spot encircles the EP.
A large photon emission at the bright spot is shown in Fig. 2
(f), where the dashed and solid lines are the out-of-resonant
and resonant (at EP) transmissions, respectively.
For a positive coupling, Eq. (10) has second solution for ωs
at which the real and imaginary components of level energy
modes coalesce. The negative solution ωs = (α− 3β)ωc ≃
−0.01ωM corresponds to positive damping of the magneti-
zation, which, together with intrinsic Gilbert damping, trans-
form the system into effective weak coupling regime, when
the coupling is smaller than the effective enhanced damping
of the system. In Fig. 2 (g) we show the spectrum for second
EP. Although the condition Eq. (10) is satisfied, the second
condition in Eq. (11) is not fulfilled. As a results, complex
energy levels coalescence at resonance, but, as shown in Fig. 2
(h) and (i), there is no large photon emission from the cavity
due to non-zero damping of the system.
Output magnetic field calculated from Eq. (6) provides
understanding of the "negative damping" effect on the mi-
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Figure 4. Transmission amplitude (a) and the FI magnetization (b) as
a function of STT ωs.
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Figure 5. (a) Output microwave amplitude |h/m0| as a function of
ω and applied magnetic field calculated from Eq. (12), and (b) the
output as a function of ω at different FMR frequencies for ωs = 0.
(c-d) The same as in (a-b) for ωs = ωs,EP ≃ 0.0043ωM .
crowave photons in the cavity. To explore the effect of STT
on the magnetic subsystem, we focus on the magnetizationm
from Eq. (6). Using the same parameters as that for S21, we
plot in Fig. 3 (a) the evolution of magnetization as a function
of ω and ωr in the absence of "negative damping". The dotted
curve is the real component of the single solution for ωr from
detΩ = 0 in Eq. (5) [4]. Fig. 3 (b) shows the same when
now the "negative damping" is at critical value, ωs = ωs,EP .
Comparison of the magnetization values at resonant FMR fre-
quency for this two cases is shown in Fig. 3 (c). It is seen,
that similar to S21, the magnetization too, shows dramatic en-
hancement at the EP. In Fig. 4 (a) and (b), we plot the depen-
dence of the transmission amplitude and the magnetization on
ωs at resonant FMR frequency, respectively. For SSE-STT,
the absence of temperature gradient (ωs = 0) leads to minimal
value of transmission and magnetization at FMR frequency.
This is because at resonant magnetic field the FMR and cavity
modes are coupled and the cavity mode transmission (Fig. 2
(b)) and FI magnetization (Fig. 3 (a)) split into two peaks and
are suppressed at the anticrossing point [3]. Negative value
of ωs, corresponds to spin current flowing from FI to normal
metal (spin pumping) [18], resulting damping enhancement.
In the opposite case, when ωs is positive, STT acts as "neg-
ative damping" and leads to large output in both subsystems,
when the torque compensates the energy loss of the system.
It is known that spin torque can not only decrease the intrin-
sic damping but can drive magnetic oscillations in the absence
of external microwave field [19, 28, 29]. If such spin-torque
oscillator (STO) is placed in the cavity, the oscillating mag-
netic field induces electric field which, in turn, creates magne-
tization due to Ampere’s law [4]. The induced field then acts
back on the oscillator’s magnetization. Here we show that
due to inherent coupling between magnetization oscillations
and the cavity field, the effects described in previous sections
survive even in the absence of input microwave field. Without
input field we write Eq. (6)
Ω
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m
h
)
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0
)
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Figure 6. (a) FI magnetization as a function of ω and applied mag-
netic field with "negative damping" ωg = ωs,EP in the absence of
input microwave field. (b) Magnetization at resonant and out-of-
resonant FMR frequencies.
where m0 ≃ 1.54 × 10−5Ms (calculated for ω = ωr 6= ωc)
is the initial transverse magnetization. In Fig. 5 (a) we plot
the output signal as a function of microwave and FMR fre-
quencies in the absence of input microwave field for "neg-
ative damping" value smaller that the critical value (ωg ≃
0.002ωM < ωs,EP ). Near resonant frequencies, the spec-
trum behaves as usual coupled system, except that output
signal occurs solely at near resonant frequencies. The rea-
son is that when FMR frequencies are far from cavity mode
frequency, the induced microwave is being absorbed by the
cavity. Fig. 5 (b) shows the output as a function of ω at
resonant FMR frequency with anticrossing behaviour. The
output signal at ωs,EP is shown in Fig. 5 (c-d). It is seen
from Fig. 2 (e,f) Fig. 5 (c,d) that the existence of large out-
put signal does not depend on input microwave field into
the cavity. This feature indicates that if the "negative damp-
ing" is sufficient to compensate the intrinsic damping of the
magnon-polariton, the system can also be utilized for trans-
formation of thermal (or electric energy in case of SHE-
STT) energy into microwave. The magnetization evolution
in the absence of input microwave field is shown in Fig. 6
(a). The comparison of the magnetization at resonant and
out-of-resonant FMR frequencies in Fig. 6 (b) demonstrates
the similar enhancement of the magnetization due to "nega-
tive damping." Due to energy loss compensation at the EP, the
input energy by STT is dissipated within the system itself [30]
and distributed between the magnetic and photon subsystems,
PTot = Pph + Pm, where Pph ∝ |h|2 and Pm ∝ |m|2 are
the output powers of photon and magnon subsystems, respec-
tively . We calculate the power distribution at the EP to be
Pph/PTot = Pm/PTot = 0.5 meaning that the input energy
is equally distributed between the subsystems. We estimate
power conversion efficiency (ratio of useful output and input
powers) in our system (see Supplementary Materials for de-
tails) to be η/ηc = ZT/2(ZT + 1) ≈ 0.17, where figure of
merit is ZT ≈ 0.53. Relatively large value of the efficiency
compared to SSE induced thermoelectric devices [31] is due
to direct conversion of magnon current into useful microwave
power by avoiding spin current injection into adjacent normal
metal and spin to charge conversion by inverse spin Hall ef-
fect.
For estimation of thermal gradient induced effects we use
parameters from recent experiment in Ref. [18]. With ωs =
5γµ0hSSE ≃ 0.0043ωM we can calculate the SSE torque caused
line width change equals to hSSE ≃ 598A/m ≈ 7.5Oe which
can be achieved [18, 32] for YIG/Pt system with tY IG =
100nm at ∇T ≃ 220K/cm, which is realizable in experiment
[18].
In summary, we propose a system of magnon-polariton
with EP induced by "negative damping". We show that if
SSE- or SHE-STT induced "negative damping" is enough to
compensate the intrinsic damping of the coupled system, the
input energy is being equally distributed between subsystems.
As a consequence, large photon emission from the cavity can
be achieved at the EP. The thermal to microwave transforma-
tion efficiency is estimated to be about 17 percent. The in-
duced torque or "negative damping" provides a new tool to
control polariton states and to study non-Hermitian physics in
magnon-polariton.
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